Type I interferons (IFNs) are a family of cytokines with a wide range of biological activities including anti-viral and immune-regulatory functions. Here, we focus on the protozoan parasitic disease malaria, and examine the effects of type I IFN-signalling during Plasmodium infection of humans and experimental mice. Since the 1960s, there have been many studies in this area, but a simple explanation for the role of type I IFN has not emerged. Although epidemiological data are consistent with roles for type I IFN in influencing malaria disease severity, functional proof of this remains sparse in humans. Several different rodent-infective Plasmodium species have been employed in in vivo studies of parasite-sensing, experimental cerebral malaria, lethal malaria, liver-stage infection, and adaptive T-cell and B-cell immunity. A range of different outcomes in these studies suggests a delicately balanced, multi-faceted and highly complex role for type I IFN-signalling in malaria. This is perhaps unsurprising given the multiple parasite-sensing pathways that can trigger type I IFN production, the multiple isoforms of IFN-a/b that can be produced by both immune and non-immune cells, the differential effects of acute versus chronic type I IFN production, the role of low level 'tonic' type I IFN-signalling, and that signalling can occur via homodimeric IFNAR1 or heterodimeric IFNAR1/2 receptors. Nevertheless, the data indicate that type I IFN-signalling controls parasite numbers during liver-stage infection, and depending on host-parasite genetics, can be either detrimental or beneficial to the host during blood-stage infection. Furthermore, type I IFN can promote cytotoxic T lymphocyte immune pathology and hinder CD4 + T helper cell-dependent immunity during blood-stage infection.
Introduction
Malaria remains an important public health problem, with 216 million cases and 445 000 deaths in 2016. 1 The most life-threatening forms of the disease are caused by Plasmodium falciparum, a protozoan parasite transmitted to human hosts by infected mosquitoes. During a blood meal, mosquitoes inject infectious sporozoites, some of which travel to the liver, infecting hepatocytes and initiating the clinically silent liver-stage of infection. After a few days of rapid asexual replication, infected hepatocytes release thousands of parasites into the bloodstream, which rapidly invade red blood cells, initiating the cyclic and symptomatic blood-stage of infection. 2 Although anti-malarial drugs and vector control approaches have contributed to a substantial global reduction in disease burden, eradication of malaria remains unlikely without the development of an efficacious vaccine or other interventions that improve anti-parasitic immunity. A better understanding of immune responses that occur during Plasmodium infection may facilitate these goals. In this review we focus on the effects of type I interferon (IFN) signalling in malaria. Type I IFNs are a cytokine family that includes 13 different isoforms of IFN-a in humans (14 in mice) and a single IFN-b, as well as others, for example, IFN-e, which appears to function predominantly in the female reproductive tract. 3 Although type I IFNs can play important roles in immunity to viral 4, 5 
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bacterial [6] [7] [8] infections, excessive signalling may also contribute to autoimmune diseases such as systemic lupus erythematosus 9 and rheumatoid arthritis. 10 In addition, type I IFN-signalling can impede immunity to pathogens such as Mycobacterium tuberculosis 11 and Leishmania. 12 The effects of type I IFN-signalling on host immune responses against viruses and bacteria have recently been reviewed in refs [13] [14] [15] [16] . Severe malaria remains a leading cause of death in children and pregnant mothers living in countries where malaria is endemic. In most patients, severe malaria manifests as cerebral malaria, severe anaemia or acidosis. 2 Excessive pro-inflammatory cytokine-mediated pathways are thought to contribute to the immunopathogenesis of severe malaria. 2, 17 Indeed, type I IFN-associated responses have been reported in malaria patients, [18] [19] [20] with single nucleotide polymorphisms in the Ifnar1 gene associating with greater risk of severe malaria. 18, 19, 21 These single nucleotide polymorphisms exist in intronic or regulatory regions, and suggest that increased expression levels of the receptor might promote severe disease in malaria, whereas lower expression levels might be protective. Experimental evidence to support this hypothesis has been difficult to generate in humans, but has been the subject of study in mouse models. Here, we examine the effects of type I IFN-signalling during Plasmodium infection, predominantly, though not exclusively, in experimental mice.
Type I IFN production during blood-stage malaria
Innate immune sensing of Plasmodium parasites has been an important area of study over the past 15 years. [22] [23] [24] [25] Researchers have employed a variety of in vitro and in vivo techniques to explore whether Plasmodium-derived molecules, such as glycosylphosphatidylinositol anchors, CpG DNA motifs, AT-rich DNA, haemozoin or Plasmodium RNA species might constitute pathogen-associated molecular patterns that are recognized by cell surface, endosomal or cytoplasmic pattern recognition receptors. 22, 23, [25] [26] [27] Such pattern recognition receptors include Toll-like receptors (TLRs) and NOD-like receptors, as well as cytosolic nucleic acid sensors such as retinoic acid inducible gene 1 protein, melanoma differentiation-associated protein 5 (MDA5) and cyclic GMP-AMP synthase (cGAS), 28 which can signal via mitochondrial antiviral signalling protein (MAVS), and the stimulator of interferon genes (STING/MYPS, encoded by Tmem173).
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The expression of TLR2 and TLR4 on macrophages was reported to detect Plasmodium-associated glycosylphosphatidylinositol anchors, 25 whereas TLR9 was implicated in the sensing of parasite DNA complexed with haemozoin. 22 Haemozoin has also been associated with activation of NOD-like receptor protein 3 inflammasomes in macrophages. 23, 27 A common downstream readout for innate immune sensing of Plasmodium has been the detection of pro-inflammatory cytokines in serum, plasma, or in tissue culture supernatants. 25, 30, 31 This approach was driven technologically by sensitive (pg/ml level), multiplex bead-based arrays for cytokine proteins. 30 Unfortunately, such reagents have not been available for detection of IFN-a/b at protein level. This has hampered research into the cellular sources of IFN-a/b during malaria, with most studies resorting to mRNAbased assessments, enzyme-linked immunosorbent assays (ELISA) or, in the case of IFN-b (but not the IFN-a isoforms), reporter gene expression via yellow fluorescent protein (YFP) or luciferase (Fig. 1) .
Early studies, examining splenic plasmacytoid dendritic cell (pDC) mRNA transcripts in a lethal mouse model (Plasmodium berghei ANKA infection), 32 and a non-lethal model (Plasmodium chabaudi chabaudi AS) 33 or via IFNa ELISA of supernatants from in vitro culture of human pDC with P. falciparum schizonts, 20 support the idea that pDC are important, and possibly dominant, sources of IFN-a/b during blood-stage infection. However, we have reported that other cells, in particular, splenic conventional dendritic cells (cDC), can also be a direct source of IFN-a/b in mouse models of infection. 32, 34 Despite the lack of research tools for detecting IFN-a/b protein production by specific cells, several studies have attempted to determine the major cellular sources of these cytokines, principally during blood-stage infection. A study in 2011 by Sharma et al. used ELISA and luciferase reporter expression to demonstrate that AT-rich motifs from Plasmodium triggered IFN-b production in vitro, via STING, TANK binding kinase 1, interferon regulatory factor 3 (IRF3) and IRF7. 35 A more recent study from the same group assessed IFN-b mRNA up-regulation to examine a role for cGAS in promoting type I IFN production. 36 Although important observations were made, formal in vivo evidence that cytoplasmic DNA sensing of Plasmodium triggers protein expression of IFN-a isoforms or IFN-b remains to be generated.
A recent study by Spaulding et al. examined IFN-b production during infection with a lethal mouse strain, Plasmodium yoelii 17XYM (YM) using the YFP-reporter mouse, and suggested that IFN-b was rapidly made in the bone marrow and blood by pDC, with little contribution by other immune cells. 37 It was also shown that STINGmediated pathways were required, and that IFN-a protein and IFN-b-driven YFP production were dependent on TLR7 and Myd88-signalling. Interestingly, although systemic type I IFN production required STING in this study, pDC required only TLR7 and myeloid differentiation primary response 88 (MyD88) to produce IFN-b. The authors then presented data to support that STING acting in macrophages served to boost type I IFN responses from pDC in vivo. This study, as well as another from our group 34 suggest that co-operation between different myeloid cell populations can promote a strong type I IFN response. Another study by Yu et al., published 1 month after the report by Spaulding et al., also examined IFN-a/b production (by ELISA) during P. yoelii YM infection of mice. 28 Consistent between both studies was the finding that systemic IFN-a/b production was dependent on TLR7 and MyD88-signalling, with evidence from Yu et al. that IRF7 was also essential for this process. 28 Moreover, both studies implicate pDC over cDC or macrophages as the prime source of IFN-a/b. However, Yu et ). However, the studies used different infectious doses and routes of infection. Hence, the effects of type I IFN during blood-stage infection may be delicately balanced, so that variables such as infectious dose, route of infection, host genetic background, parasite genetic background and the microbiome, could all contribute to differences from one experimental system to another, and even from one laboratory to another. A major gap in our knowledge across all the common mouse models of blood-stage infection, therefore, concerns the relative roles of STING versus MyD88-dependent pathways in driving IFN-a/b production from pDC and other myeloid cell populations. In addition, whether pDC-or cDC-derived IFN-a/b production occurs mainly in the bone marrow, blood or spleen during blood-stage infection remains an important question. Finally, although some assessment of IFN-a/b production during blood-stage Plasmodium infection has been attempted in humans, it has been challenging to observe this occurring directly ex vivo. 38, 39 It will be important to determine the cellular and molecular basis of IFN-a/b production in human blood-stage Plasmodium infection.
Type I IFN-signalling during liver-stage Plasmodium infection
Seminal studies from the laboratory of Ruth Nussenzweig, between 1968 and 1970, suggested that IFNs induced by viral infection could be harvested and used to completely prevent malaria in mice infected with liver-infective P. berghei sporozoites. [40] [41] [42] These studies revealed a short time window during the parasite replicative phase in hepatocytes, when exogenous IFNs, most likely type I IFNs based on their in vitro anti-viral properties, potently controlled liver-stage infection. However, a possible role for endogenously produced type I IFNs during liver-stage infection remained unstudied for decades. Recent studies of type I IFN biology in malaria have tended to explore the blood-stage of infection, possibly because of the relative ease of working with and detecting blood-stage trophozoites and schizonts, over liver-stage sporozoites and merozoites, and also because it had been generally thought that parasites invaded and replicated within hepatocytes without being detected or controlled by the innate immune system. However, two independent studies published in early 2014, by Liehl et al. 43 and Miller et al., 44 revealed important roles for type I IFN-signalling in controlling liver-stage Plasmodium infection.
Liehl et al. and Miller et al. examined the liver transcriptome in mice infected with P. berghei ANKA sporozoites or P. yoelii 17XNL sporozoites respectively. 43 , 44 Liehl et al. found that all of the 89 genes upregulated more than twofold during infection of C57BL/6 mice were classified as IFN-stimulated genes, and were linked to the type I IFN-signalling pathway. 43 Similarly, Miller et al. also found a strong type I IFN-associated gene signature in BALB/c and C57BL/6 mice, and could confirm at protein level by ELISA that IFN-b was produced in the liver. 44 To examine the cellular and molecular basis of type I IFN responses in the liver, Liehl et al. assessed up-regulation of five mRNA species, Ifit1, Ifi44, Usp18, ifit3 and irf7, whereas direct detection of IFN-a/b at mRNA or protein level was not employed. 43 Instead, the authors revealed that type I IFN-associated transcriptional responses depended on hepatocyte expression of IFN-a/b receptor subunit 1 (IFNAR1), as well as IRF3, MAVS, MDA5, but not TLR-signalling via MyD88 or Toll/interleukin-1-receptor-domain-containing adaptor inducing IFN-b. Crucially, liver parasite burden and the progression to blood-stage infection was exacerbated when hepatocytes could not receive signals via IFNAR1. Using a slightly different system, an attenuated P. yoelii 17XNL that could not progress to blood-stage infection, and which avoided any potential confounding immune responses due to blood-stage sensing, Miller et al. also showed that IFNAR1 and IRF3 were crucial for liver-stage protection against parasites. 44 Liehl et al. provided important mechanistic insights by showing that in vitro stimulation of hepatocytes with the IRF3-stimulator, DMXAA, was incapable of controlling parasite numbers, which suggested that type I IFN-signalling was protective not through direct anti-parasitic effects on hepatocytes, but that accessory cells, such as leucocytes, were needed. 43 Taken together the studies showed that IFNAR1-signalling was required in non-hepatocytes for immune cell infiltration into the liver, with Miller et al. demonstrating that CD1d-restricted natural killer T (NKT) cells were essential for type I IFN-dependent parasite control, probably via IFN-c production. Together, these findings revealed that type I IFN-signalling is protective against liver-stage Plasmodium infection, by facilitating sensing of parasite RNA within hepatocytes via MDA5 and MAVS, as well as recruitment of anti-parasitic immune cells such as NKT cells. These studies provide important first steps towards understanding type I IFN-signalling networks within the liver during Plasmodium infection. However, we still lack a comprehensive description of how type I IFN-dependent immune processes limit progression to the symptomatic blood-stage of infection.
Effect of type I IFN-signalling on parasite control during blood-stage infection
The early studies from the Nussensweig laboratory indicated that exogenous type I IFN was highly protective during the liver stage of infection, but much less so during the blood-stage of infection, providing the first clues that differences might exist in the effects of type I IFN between liver-and blood-stages of infection. [40] [41] [42] Studies from the Renia laboratory in 2001 and 2007 employed an engineered hybrid form of human IFN-a (termed BDBB), comprising the N-and C-terminal portions of human IFN-a8, and a mid-section from human IFN-a1, that could bind and signal via mouse IFNAR receptors in vivo. 45, 46 Using this as an exogenous form of type I IFN, the authors first showed that BDBB reduced parasitaemia during blood-stage infection with P. yoelii 265 BY or P. yoelii 17XNL, 45 but did not improve parasite control during liver-stage infection. In 2007, Vigario et al., also showed that BDBB could prevent experimental cerebral malaria caused by P. berghei ANKA. 46 The exact mechanisms underlying BDBBmediated protection were unclear, although parasitaemia, brain sequestration of parasites and pathogenic CD8 + T cells, as well as brain endothelial expression of the adhesion molecule, intercellular adhesion molecule 1, was reduced, while IFN-c levels in serum were elevated. Although it was not proven that BDBB signalled via IFNAR1 in these mouse malaria models, these papers suggested that exogenous type I IFN-signalling could be beneficial during blood-stage infection.
Two years later, Voisine et al., employed IFNAR-deficient mice (129Sv background) to report that endogenous type I IFN-signalling played no role in parasite control during non-lethal infection with P. chabaudi chabaudi AS. 33 However, subsequent studies from our group, using Ifnar1 À/À and Irf7 À/À mice (C57BL/6 background), have suggested that type I IFN-signalling via IFNAR1/IRF7, but not IRF3, impairs early parasite control, not only in the P. chabaudi chabaudi AS model, 47, 48 but also during nonlethal infection with P. yoelii 17XNL. 48, 49 Effects on parasite control during P. yoelii 17XNL infection were also observed in an independent study by Zander et al., which used the blocking antibody MAR1-5A3 in C57BL/6 mice. 50 Therefore, although it appears that in some host genetic backgrounds, type I IFN-signalling via IFNAR1 can play little to no role during non-lethal blood-stage infection, 33 in others, type I IFN-signalling appears to hinder the control of primary blood-stage infections, at least in non-lethal models of blood-stage infection. [48] [49] [50] In contrast, a study employing another non-lethal strain, P. yoelii N67, found a modest anti-parasitic role for type I IFN (using both IFNAR1-deficient mice and antibody blockade), which highlighted that Plasmodium genetics probably also influences the effect of type I IFN during non-lethal blood-stage infection. 51 In the lethal P. yoelii YM model, Spaulding et al. employed IFNAR1-deficient mice to reveal a clear role for type I IFN in promoting high parasitaemias and causing lethality. 37 In contrast, Yu et al. employed an IFNAR1-blocking antibody, the precise clone not being reported, and saw no effect on lethality or parasite control. 28 These two studies are difficult to reconcile, and so further independent studies will be required to confirm the role of type I IFN-signalling via IFNAR1 during lethal P. yoelii YM infection.
One of the most commonly employed, lethal mouse models of malaria is infection of C57BL/6 mice with P. berghei ANKA, which triggers multi-organ, severe malaria symptoms, including parasite-dependent, cytotoxic T-lymphocyte (CTL) -mediated neurological damage that is usually fatal within 6-10 days. This model is known as 'experimental cerebral malaria' (ECM). The effect of type I IFN in this model will be discussed separately in the section below.
Effect of type I IFN-signalling during experimental cerebral malaria
In 2011, Sharma et al. and our group independently published, within 1 month of each other, that C57BL/6 mice deficient in IFNAR1 were completely resistant to ECM, so demonstrating for the first time a detrimental role for endogenous type I IFN-signalling during blood-stage Plasmodium infection. 35, 52 Sharma et al. also showed that mice deficient in both IRF3 and IRF7 survived this lethal infection, providing further evidence of a detrimental role for type I IFN-signalling. 35 Our group provided early characterization of IFNAR1-deficient mice during P. berghei ANKA infection, specifically showing that brain pathology was reduced, and that parasite burden in the whole bodies and brain were substantially reduced. 52 Our data suggested that neurological damage, known in this system to be dependent upon parasite burden and the action of CD8 + T cells in the brain, was type I IFNdependent. We also found that CD8 + T-cell recruitment to the brain was unaffected by IFNAR1 deficiency. Subsequent studies by Ball et al. and Palomo et al., reported very similar outcomes -that IFNAR1-deficient mice were less susceptible to brain pathology and ECM compared with wild-type controls. 19, 53 However, minor differences were apparent between our three independent studies: Palomo et al. showed that IFNAR1-deficient mice were not completely resistant to ECM, but did exhibit reduced CTL numbers in the brain, 53 whereas Ball et al. reported complete resistance to ECM associated with activation, though not recruitment, 19 of CTL in the brain. Moreover, whereas our group used parasite-derived bioluminescence to show that parasite burdens in the brain were reduced, 52 Ball et al. employed quantitative polymerase chain reaction of parasite RNA to show that parasite burdens were unaffected by IFNAR1 deficiency. 19 It is perhaps difficult to reconcile differences in parasite burden and CTL responses in the brain between these three studies, which could again be due to minor changes in infectious dose, route of infection or the microbiome across different laboratories. Instead, it is useful to conclude that all three independent studies revealed a substantial deleterious role for type I IFN-signalling in mediating severe and lethal disease during P. berghei ANKA infection. This conclusion was also supported by our observation that the canonical type I IFN-associated transcription factor IRF7 promotes lethal symptoms in this model. 47 Mechanistic details of type I IFN-signalling during P. berghei ANKA infection have recently been explored by our group, 34 and others. 19 Ball et al. employed a pre-sensitization approach to adoptively transfer splenocytes from donor mice that had received irradiated parasites, into IFNAR1-deficient mice, in an effort to re-capitulate ECM symptoms. 19 Using this technique, the authors showed that IFNAR1-expression on CD8 + T cells was sufficient to induce ECM in IFNAR1-deficient recipients. Hence, T-cell intrinsic IFNAR1 was implicated in the pathogenic effects of type IFN-signalling in this model. In contrast, our group used a combination of mixed bone marrow chimeras and CD11c-Cre ifnar1 f/f mice to implicate a role for cDC in mediating the deleterious effects of type I IFN-signalling. 34 It remains difficult to determine whether pathogenic type I IFN-signalling during P. berghei ANKA infection proceeds exclusively through T cells or myeloid cells, particularly as both techniques have potential caveats. For instance in our study, IFNAR1 deficiency, although profound in cDC populations, was also observed to a limited degree in NK cells and T cells. Hence the fidelity of the CD11c promoter may not be absolute. A possible complication of studying CD8 + T cells from Ifnar1 À/À mice, is that tonic levels of type I IFN-signalling have been suggested to play a role in the final stages of T-cell development in the thymus. 54 Therefore, while T cells still develop in the absence of type I IFN-signalling, it is possible that their precise phenotype is affected by a total absence of IFNAR1. Given potential caveats with genetic manipulation of IFNAR1, our group's use of the efficacious IFNAR1-blocking monoclonal antibody MAR1-5A3 provides perhaps less confounded evidence that type I IFN-signalling through IFNAR1 promotes severe and lethal neurological symptoms in experimental cerebral malaria. 34, 47 Futhermore, late blockade of IFNAR1 in partially ECM-susceptible IRF7-deficient mice, provided evidence that type I IFNsignalling also acted late, perhaps on brain-recruited CD8 + T cells, as originally suggested by Ball et al. 19 In a more recent study, activation of type I IFN responses in neurological tissue via the deubiquitinase enzyme USP15 and the E3 Ubiquitin ligase TRIM25 promoted ECM, further supporting the concept that type I IFN-signalling in the brain may be deleterious during P. berghei ANKA infection. 55 Therefore, although type I IFN-signalling clearly induces ECM symptoms in this model, the precise mechanisms by which this occurs remain to be fully determined. In particular, the effects of type I IFN-signalling in the brain have not been fully defined in this model. Nevertheless, a working model, based on all recent studies, is that type I IFN-signalling via the IFNAR1 receptor acts on numerous cell populations during bloodstage P. berghei ANKA infection, including an early signal via cDC to impair the onset of CD4 + T-cell immunity (as discussed below), and a later signal via CD8 + T cells, to support not their priming in the spleen, but their recruitment, activation and function in the brain.
Immune-regulation via type I IFN-signalling
Although type I IFNs were discovered for their potent anti-viral properties, it is established now that signalling via IFNAR1 constitutes a major immunomodulatory pathway in a wide range of immune cells. This has been increasingly reported in a number of studies in mice and humans infected with Plasmodium.
Effect of type I IFN-signalling on myeloid cells
Type I IFN-signalling has been implicated in regulating the function of myeloid cells during infection with viruses, 56,57 bacteria 58, 59 and parasites, 60, 61 including during liver-stage and blood-stage Plasmodium infection. 34, 39, 43, 48, 62 Previously, blood-stage Plasmodium parasites were reported to trigger systemic cDC activation and dysfunction in human and mouse experimental systems; 60,63-65 but for some time, host-derived factors mediating this process had remained unclear. Our group recently employed bone marrow chimeric mice and CD11c-Cre ifnar1 f/f mice during P. berghei ANKA and P. chabaudi chabaudi AS infection to identify a role for type I IFN-signalling via IFNAR1 in promoting excessive activation and dysfunction of cDC. 34, 48 Specifically, we noted that CD4 + T-cell activation and differentiation was impaired by type I IFN. 34, 48 We also reported a stronger effect of type I IFN suppression in CD8a À CD11b + splenic cDC compared with CD8 + CD11b À cDC. From a mechanistic perspective, we did not determine what molecular pathways in cDC were functionally impaired by type I IFN-signalling during CD4 + T-cell priming, although we noted that il10 transcription by cDC, and the ratio of programmed cell death protein ligand 1 (PDL1)/PDL2 were controlled by type I IFN-signalling. In another recent study, it was revealed that type I IFN-signalling affected cDC survival, as IFNAR1 blockade reduced caspase-3-associated apoptosis in splenic cDC during P. berghei ANKA and P. yoelii YM infection. 62 Together, these studies suggest that at least one aspect of type I IFN-mediated immune-modulation in malaria is enacted via signalling in cDC.
Type I interferon-signalling may also impact the function of other myeloid cells, including monocytes and neutrophils. In one of the only human studies to be conducted in this field, Montes de Oca et al. employed controlled human malaria infection with blood-stage P. falciparum parasites to reveal that monocytes produced more IL-6 protein on a per cell basis when type I IFNsignalling was blocked in vitro using an IFNAR2-blocking antibody. 39 Similar effects were noted for IL-1b and IL-17, although the cellular sources of these were not examined. IFNAR1-mediated suppression of monocyte activation in the spleen and blood was also observed in our studies in mice infected with P. berghei ANKA. 34 It will be important in the future, when reagents permit, to examine in humans whether immune-suppressive effects on monocytes are seen equally by IFNAR2 and IFNAR1 blockade, because IFN-b can signal via IFNAR1, independently of IFNAR2. 66 Another recent study implicated type I IFN-signalling in the activation and function of neutrophils during infection, a process that potentially contributed to pathology. 67 In this report, up-regulation of a type I IFN-associated transcriptional signature was observed in neutrophils from Plasmodium vivax-infected patients compared with healthy controls. This associated with elevated levels of liver enzymes, alanine aminotransferase and aspartate aminotransferase, suggesting a type I IFN-dependent neutrophil-mediated mechanism in inducing liver damage during Plasmodium infection. Further experiments using P. chabaudi chabaudi AS infection in IFN-abR À/À (129Sv background) mice
showed that type I IFN-signalling partially supported the recruitment of pathogenic neutrophils into the liver and was absolutely essential for elevation in alanine aminotransferase. 67 Collectively, these studies indicate that type I IFN-signalling can profoundly influence the responses of cDC, monoyctes and neutrophils during blood-stage Plasmodium infection. Although there are some data to suggest that type I IFN-signalling can proceed directly via cDC, exactly which myeloid cells receive type I IFN signals, and moreover, which isoforms, and which forms of the IFNAR receptors are involved in modulating cell function remain to be elucidated. Finally, it will be important to determine cellular pathways that mediate type I IFN-dependent leucocyte responses during liver-stage infection.
Effect of type I IFN-signalling on adaptive T helper and B-cell responses
Given that adaptive T-cell and B-cell responses can influence the outcome of both liver-stage and blood-stage Plasmodium infections, several studies have explored how they might be influenced by type I IFN-signalling. Here, we first briefly summarize current knowledge of T-cell effector responses in malaria. During liver-stage infection, cytotoxic CD8 + T-cell responses elicited by sporozoites or other vaccination strategies strongly protect against primary or secondary challenge. 68, 69 During blood-stage infection, there is little evidence that CD8 + T cells are protective during primary infection. 70 Rather, CD8 + T cells in mice infected with P. berghei ANKA, though not in other mouse models, promote neurological damage, high parasite burdens and lethality. 71, 72 In contrast, CD4
+ helper T-cell responses are crucial for inducing cellular and humoral immunity during blood-stage Plasmodium infection. 48 In particular, as recently reviewed elsewhere by our group, 73 IFN-c-producing, T helper type 1 (Th1) cells, and high-affinity antibody-inducing T follicular helper (Tfh) cells play particularly important roles in controlling and resolving blood-stage infections. In addition, certain types of regulatory CD4 + T cells, in particular Type 1 regulatory (Tr1) cells that express the canonical immune-suppressive cytokine IL-10, are required to mitigate the possible deleterious effects of T-cell-mediated inflammation. [74] [75] [76] During liver-stage infection, Miller et al. found that type I IFN-signalling was necessary for increases in CD8 + T-cell proportions (as well as NKT-cell responses). This are perhaps the first data to suggest that type I IFN responses might be beneficial in the liver for driving protective CTL responses. Given that much of the lethality in the P. berghei ANKA model is due to pathogen burden and brain-recruited CTL, it was also shown by several groups that CD8 + T-cell numbers and/or activation within the brain were dependent upon type I IFN signals. 53 Although our earlier study had found little requirement for type I IFN-signalling in promoting T-cell activation in the spleen, a subsequent study blocked lethality with late treatment with anti-IFNAR1 blocking antibodies. 47 Taken together, we propose that type I IFN-signalling probably promotes CTL responses during blood-stage Plasmodium infection, which could result in immune pathology in the brain, but might conceivably protect other organs, such as the liver. 70 It is intriguing that in a study of patients with malaria, type I IFN-dependent Flt3L production correlated positively with the number of activated CD8 + T cells detectable in peripheral blood. 77 This suggests that type I IFN-signalling may also support parasite-specific CD8 + T-cell responses in human malaria. Given that CD4 + T-cell subsets, particularly Th1, Tfh and Tr1 cells, are crucial for immunity and immune-regulation in blood-stage malaria, several studies, including our own, have explored a possible role for type I IFN in influencing T helper cells during blood-stage infection. Our initial studies using P. berghei ANKA infection, which exhibits a relatively weak Th1 response and minimal Tfh responses before the onset of lethality, 78 demonstrated, through the employment of IFNAR1-deficient mice or IFNAR1-blocking antibodies, that type I IFN-signalling limited Th1 responses, although Tfh differentiation was not assessed. 34, 52 Our subsequent experiments employed ifnar1 À/À and irf7 À/À mice during P. chabaudi chabaudi AS infection, and similarly found that Th1 responses were suppressed in these mice. 47 Finally, using P. chabaudi chabaudi AS and P. yoelii 17XNL infection, we found that Th1 and Tfh cell responses, as well as germinal centre B-cell development and high-affinity IgG production, all increased in the absence of type I IFN-signalling. 48 One month earlier, an independent study by Zander et al., had also employed P. yoelii 17XNL infection, and similarly found that Tfh, B-cell and antibody responses were restricted by type I IFN-signalling. 50 Therefore together, our data suggest that type I IFN-signalling serves to limit Th1, Tfh and antibody responses during blood-stage infection. One major difference between studies by our group, and that of Zander et al. has been in the proposed cellular target of IFN-a/b signalling. Our studies have implicated a role for signalling in splenic cDC, while Zander et al. revealed that signalling occurred in a CD4 + T-cell intrinsic manner. As these two scenarios are not mutually exclusive, the relative contribution of signalling through myeloid cells versus T cells remains to be determined. Furthermore, it will be of great interest to examine any possible effects of direct IFNAR1-signalling in B cells. Finally, in human studies by Montes de Oca et al., in vitro blockade of IFNAR2 also increased IFN-c production by CD4 + T cells during controlled human malaria infection. 39 Hence, taken together, data from several studies including our own show that type I IFN-signalling limits Th1-and Tfh-dependent immune responses during blood-stage malaria. The exact pathways mediating such T-cell immune-suppression are unclear, but could be related to a number of different mechanisms. First, our study and that of Zander et al. revealed that inducible co-stimulator expression by CD4 + T cells was restrained by type I IFNsignalling. 48, 50 This might limit their capacity to interact with inducible co-stimulator ligand-expressing B cells or myeloid cells. Second, primary effects of type I IFN-signalling on myeloid cells, such as IL-10 expression or PDL1/PDL2 expression by cDC and inflammatory monocytes, might be responsible for reduced activation of T cells. Third, it was shown by Zander et al., that type I IFN-signalling promoted the emergence of IL-10-producing Tr1 cells, which in turn acted alongside IFN-c to suppress Tfh-dependent immune responses. 50 Furthermore, in vitro culture of peripheral blood mononuclear cells from controlled human malaria infection studies in the presence of IFNAR2-blocking antibodies reduced Tr1 formation and IL-10 production compared with isotype control-treated cultures. 39 Together, these reports in humans and mice suggest that multiple cellular and molecular mechanisms, both T-cell intrinsic and extrinsic, may mediate type I IFN-dependent immune-regulation of CD4 + T-cell-dependent immunity during bloodstage Plasmodium infection, while also acting to support CD8 + T-cell responses.
Conclusions
Seminal studies from the 1960s revealed that interferons induced by viral infection could provide excellent protection against liver-stage Plasmodium parasites in mouse models. This seeded the concept that type I IFN-signalling could be beneficial in malaria. Since then, recombinant protein technologies and knockout mice have permitted more detailed assessment of the roles of IFN-a/b and signalling via the IFNAR1 receptor in influencing the liver-and blood-stages of Plasmodium infection. Although it is clear that type I IFN-associated transcriptional responses occur in both humans and mice, during liver-and blood-stage infections, due to a lack of reagents it remains difficult to ascertain which IFN isoforms are being generated by specific cells during infection. Nevertheless, studies in mice reveal that type I IFN-signalling both in hepatocytes and in leucocytes is essential for promoting immune responses that can control liver-stage infection. Type I IFN-signalling during the blood-stage of infection also appears to promote CD8 + T-cell responses in humans and mice, and in some cases, this may induce CTL-mediated immune-pathology. In stark contrast, however, type I IFN-signalling during blood-stage infection restricts the development of CD4 + T-cell-mediated immunity to parasites, probably through multiple cellular mechanisms. Hence, an emerging picture in malaria is that type I IFN-signalling can be either detrimental or beneficial, depending on the context in which it is being studied. Therefore, based on the current literature it is difficult to present a simple, unified picture of the effects of type I IFN in malaria, not only because consensus has been difficult to reach in experimental animal studies, but also because there remains a paucity of data in humans. In addition, effects of type I IFN in malaria may be more complicated than currently reported, as studies of different IFN-a isoforms, or homodimeric versus heterodimeric cytokine receptors have yet to be conducted during either blood-or liverstage infection. One possible path through this complexity may be to understand in greater detail the basic biology of how different IFN-a/b isoforms signal through homodimeric versus heterodimeric IFNAR1 receptors, and then to determine how these different signalling pathways are employed by a variety of cells in vivo. Although it is perhaps too early to herald type I IFN-signalling as a viable molecular target for improving clinical outcomes in malaria, reports from the past 10 years reveal that endogenous type I IFNsignalling probably plays a crucial role in shaping the host response to Plasmodium infection.
